We have investigated the unintentional n-type background doping in GaN(0001) layers grown on semi-insulating 4H-SiC(0001) substrate by plasma-assisted molecular beam epitaxy under Ga-rich conditions at growth temperatures from 780°C and 900°C. All layers exhibited very smooth surface morphology with monolayer steps as revealed by atomic force microscopy. Hall-effect measurements showed that the sample grown at 900°C had carrier concentration of 9.8 9 10 17 cm À3 while the sample grown at 780°C had resistivity too high to obtain reliable measurements. Secondary-ion mass spectroscopy revealed O and Si concentrations of <10 17 cm À3 in the sample grown at 900°C but >10 17 cm À3 in the sample grown at 780°C. The trend for the atomic concentrations of O and Si, which are common donor impurities in GaN, was thus contrary to the trend of the carrier concentration. The fullwidth at half-maximum for x-ray rocking curves obtained across the GaN(0002) and GaN(10 15) reflections for the sample grown at 900°C was 62 arcsec and 587 arcsec, respectively. The half-width increased with decreasing growth temperature. The atomic concentrations of O and Si are too low to account for the unintentional background doping levels. A possible explanation proposed in early reports for the background doping is N-vacancies.
INTRODUCTION
It is well known that GaN exhibits unintentional n-type background doping. In epitaxial GaN layers, this n-doping concentration is typically between mid 10 16 cm À3 and high 10 17 cm À3 . Various explanations have been proposed for such unintentional ntype doping. Early reports attributed the unintentional doping to N-vacancies. In later reports, it was suggested that impurities such as Si and O were the cause of the inherent n-type background, and this explanation remains predominant today. [1] [2] [3] [4] Important devices including light-emitting diodes, laser diodes, and transistors rely on doping of semiconductors. High doping concentrations of both n-type and p-type layers are critical for many such devices. Regarding GaN, p-type doping is an especially challenging task. To achieve desired levels of p-doping, care has to be taken to control the n-type background to minimize its compensating effects. [5] [6] [7] Today, GaN grown using metalorganic chemical vapor deposition (MOCVD) is typically applied for optoelectronic devices, due to its better electronic and optical properties. However, when using the Ga-rich growth window, molecular beam epitaxygrown GaN has shown promising results. [8] [9] [10] In this work, we studied the impact of Si and O impurities on the unintentional n-type background doping concentration in GaN layers grown under Ga-rich conditions by plasma-assisted molecular beam epitaxy (MBE). Semi-insulating SiC substrates were used for all samples. Compared with sapphire, which is often used for epitaxially grown GaN, SiC has the advantage of lower crystalline mismatch, and has been known to yield high-quality GaN epilayers for over a decade. [11] [12] [13] [14] Hall-effect measurements were performed to measure the background doping in each sample. Secondary-ion mass spectroscopy (SIMS) was used to measure the levels of Si and O in the epilayers. Our results suggest that the studied impurities cannot be the cause of the unintentional n-type doping in our GaN layers.
EXPERIMENTAL PROCEDURES
The samples were grown in a Varian Mod GEN-II MBE system equipped with solid-source effusion cells for evaporation of Ga with purity of 7 N and an SVTA 4.5 radiofrequency (RF) plasma source for provision of active N. We used 7 N N 2 gas as precursor for the plasma source.
A reflectance high-energy electron diffraction (RHEED) system attached to the MBE growth chamber was used to monitor the growth front. The growth chamber had base pressure of 4 9 10 À11 kPa. All samples were rotated continuously during the growth experiments.
Semi-insulating 76.2-mm 4H-SiC(0001) wafers purchased from Cree, Inc. were used as substrates. The 4H-SiC wafers were postpolished by NovaSiC and had resistivity q !10 5 X cm. All wafers were cleaved into 1 cm 9 1 cm pieces and sonicated in acetone, isopropanol, and deionized water before being mounted with In on the substrate holder. An in situ Ga-polishing or Ga flash-off procedure was performed on the SiC substrates prior to GaN growth to remove suboxides residing on the SiC substrate surface. 15 The bare SiC substrate surface yielded a 1 9 1 RHEED pattern prior to the Ga flash-off procedure. An abrupt transition from this 1 9 1 RHEED pattern to a distinct 3 9 1 pattern was observed once the surface was free of suboxides. This characteristic 3 9 1 RHEED pattern occurs at 720°C and corresponds to Si-induced surface reconstruction. 16 This transition was used as an independent in situ temperature calibration of the substrate temperature before each growth experiment.
All samples were grown under Ga-rich conditions. It is well known that this growth condition yields very smooth surface morphology but also residual 1-lm-to 2-lm-wide Ga droplets on the sample surface. [17] [18] [19] The droplets were removed by etching each sample in HCl:H 2 O (1:3). Optical microscopy was used to verify that the droplets had been removed.
N-plasma RF power of 400 W and N 2 flow rate of 3 standard cubic centimeters per minute (sccm) were used for all growth experiments.
The structural quality of the samples was assessed by x-ray diffraction (XRD) analysis using a PANalytical X'Pert PRO MRD four-circle tripleaxis diffractometer equipped with a Cu K a source at the focus of a Ge(220) hybrid monochromator.
The mosaicity (tilt and twist) of the layers was examined by recording x-ray rocking curves (XRCs) across the on-axis symmetric (0002) and across the (10 15) reflection (in skew-symmetric geometry), respectively.
The surface morphology was examined using a Bruker Dimension 3100 atomic force microscope (AFM) operated in tapping mode with a Si cantilever.
The GaN/SiC samples were cleaved after growth, and the thickness of each layer was measured from cross-sectional scanning electron microscopy (SEM) images of the cleaved sample edge, obtained using a Zeiss Ultra 55 FEG SEM.
We used a Biorad Hall-effect measurement setup to characterize the samples electrically. Ohmic contacts in van der Pauw geometry were deposited by e-beam evaporation, consisting of 20 nm Ni followed by 60 nm Au.
Elemental analysis of the samples was done by secondary-ion mass spectroscopy (SIMS) by Evans Analytical Group.
RESULTS
Selected properties and growth conditions for the samples are presented in Table I . Figure 1 shows AFM micrographs obtained from the surface of samples A and B. Sample A (grown at 900°C) exhibited step-flow growth morphology, whereas sample B (grown at 860°C) showed surface morphology associated with a spiral growth mode resulting in hexagonal hillocks. [20] [21] [22] [23] [24] The surface morphology of samples C and D was similar to that of sample B, but the density of spiral hillocks on the surface increased when T G was lowered.
All samples showed very smooth surface morphology with observable monolayer steps and rootmean-square (RMS) roughness <1.2 nm. Figure 2 shows the full-width at half-maximum (FWHM) of XRCs recorded across the (0002) and (10 15) reflections as a function of growth temperature T G for the GaN/SiC layers.
We found that the XRC FWHM for both reflections decreased with increasing T G . The narrowest peak widths were measured for sample A, which was grown at T G = 900°C. The FWHM of the XRC peak for the (0002) reflection was 62 arcsec for this sample. This XRC scan is sensitive to the tilt mosaic, which is correlated to the screw dislocation density in the layer. The corresponding value for the (10 15) reflection was 587 arcsec. The off-axis value is a measure of the twist mosaic, which is sensitive to the density of edge dislocations.
The density of screw-and edge-type threading dislocations (TDs) can be estimated using the expressions in Ref. 25 . We estimated the TD density in sample A to be 1.8 9 10 9 cm À2 , directly comparable to literature values for GaN grown by MBE. The observed trend is expected since higher T G yields better structural quality within the growth window.
The n-type charge carrier concentration and mobility were assessed by Hall-effect measurements for samples A to C and are shown in Fig. 3 as functions of T G .
The n-type background is the result of unintentional doping of the layers, and it was observed that the charge carrier concentration decreased with a reduction of T G . The electron mobility showed a similar pattern. The decrease in electron mobility with decreasing T G is in agreement with mobility being dominated by dislocation and impurity scattering events. Compensating effects in GaN due to high carrier concentrations are expected in the range of 10 18 cm À3 to 10 19 cm À3 .
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It was not possible to measure the carrier concentration in sample D (T G = 780°C), since the resistivity of this sample was very high. Sample A T G , growth temperature; d, layer thickness; RMS, root-mean-square roughness obtained from AFM scans over 2 lm 9 2 lm area; Dx(0002) and Dx(10 15), full-width at half-maximum of x-ray rocking curves.
(a) (b) (T G = 900°C), which exhibited both the smoothest surface morphology and the highest structural quality, also had the highest unintentional background doping concentration (n = 9.8 9 10 17 cm À3 ) and the highest mobility (l = 63 cm 2 V À1 s À1 ). 17 cm À3 in sample C and <1 9 10 18 cm À3 in sample D (excluding the peak close to the interface, which we believe to be due to a growth interruption). In contrast, the charge carrier concentration increased for higher T G . This is unexpected, since previous reports suggest that O is the cause for the unintentional background doping. 31, 32 High O concentration should therefore lead to high background concentration, whereas we observed the opposite.
The concentration of Si atoms in the GaN layers measured by SIMS is shown in Fig. 5 . The Si level was <10 17 cm À3 throughout all the sample layers, except close to the GaN/SiC interface, where it increased slightly to 1 9 10 17 cm À3 to 2 9 10 17 cm À3 due to diffusion of Si from the SiC into the GaN layer.
The Si concentration is too low to account for the measured charge carrier concentrations and hence cannot be the cause of the background doping.
DISCUSSION AND CONCLUSIONS
The carrier concentration increased when the sample growth temperature was increased. The amount of O decreased with increasing growth temperature. The Si concentration was essentially constant throughout all the sample layers, except close to the GaN/SiC interface, where the amount of Si increased slightly due to outdiffusion of Si from the SiC substrate. The O content was <5 9 10 16 cm
À3
for the samples grown at T G = 900°C and 860°C, whereas the O content was 1 9 10 17 cm À3 and <1 9 10 18 cm À3 for the samples grown at 820°C and 780°C, respectively. The Si content for all samples was approximately 1 9 10 17 cm
. The concentrations of these impurities are too low to be the cause of the background doping, which was between 6 9 10 17 cm À3 and 9 9 10 17 cm
. The electron mobility l was determined to be 63 cm 2 V À1 s À1 , 30 cm 2 V À1 s À1 , and 25 cm 2 V À1 s À1 for samples grown at 900°C, 860°C, and 820°C, respectively. The higher mobility for the sample grown at 900°C is consistent with a decrease in scattering events due to both lower dislocation density and O impurity concentration.
To explain our results, we consider N-vacancies. As discussed above, early reports suggested Nvacancies as a possible cause of the background doping. This idea became overshadowed by the suggestion of O as the culprit for the n-type background. One major reason behind this was the unreasonably high formation energy of N-vacancy. 3 Since then, both calculations and electron irradiation measurements have shown that N-vacancies for charged states that were previously not considered do indeed exist with reasonable formation energies, with donor levels in the range of 44 meV to 70 meV. 33, 34 In Ref. 35 , evaporation of N from the GaN growth front is demonstrated and discussed. The rate of creation of N-vacancies increased with increasing substrate temperature. This is consistent with what we observed for our samples. Our conclusion is therefore that N-vacancies are the probable cause of the observed background doping in our samples.
An illuminating next step would be direct observation of N-vacancies by positron annihilation. Investigation of Si and O Donor Impurities in Unintentionally Doped MBE-Grown GaN on SiC(0001) Substrate Another interesting consideration for future experiments would be use of GaN templates, which have seen an increase in popularity as an alternative to sapphire or SiC substrates.
